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Abstract 
Gas solubility and diffusion in oxide glasses define the overall mechanisms of gas transport in these materials. There are 
numerous practical aspects of this transport with substantial commercial implications, e.g., gas separation, the outgassing and 
leak testing of vacuum systems, the thermal oxidation of silicon, and the focus of this conference: nuclear wasteforms.  The 
fundamentals of gas transport are defined in regard to gas solubility and diffusion in rigid glasses below the glass transition 
temperature, including the case of nuclear wasteforms.  
Gas transport also provides an excellent tool for better understanding the atomic-scale structure of glasses, and, in turn, that 
understanding helps refine our understanding of the mechanisms of gas solubility and diffusion.  This understanding has also had 
a significant influence on models of geological importance, such as volcanic eruptions and formation of the earth’s atmosphere.  
Specifically, the statistical thermodynamics of gas solubility is analyzed in regard to the interstitial structure of the glass.  The gas 
atoms or molecules serve as structural probes.  The structural basis of gas solubility is best understood for vitreous silica, the 
most-studied noncrystalline solid that can be described reasonably well by the random network model.  A detailed analysis of 
noble gas solubility has indicated that the distribution of interstitial size is log-normal in nature.  This experimental result using 
gas solubility has been confirmed by the analysis of computer-generated models of vitreous silica.  Also, the noble gas results 
have consequences for the transport of molecular species such as oxygen and water, e.g., during the thermal oxidation of silicon.  
The substantial amount of data for noble gas transport in vitreous silica also provides an especially useful comparison of the 
relative nature of solubility, diffusivity, and permeability of various sized noble gas atoms. 
There are also useful, empirical trends for the variation of gas solubility with modifier ion content in silicate glasses.  The 
structural analysis of these data can provide general descriptions of interstitial site geometries. Structural modeling exercises have 
provided a more specific description of this interstitial geometry that is the basis for a more precise understanding of the 
atomic-scale mechanisms for solubility, diffusivity, and permeability of gases. 
Finally, the principles covered above will be discussed in terms of issues central to nuclear wasteforms, viz., the accommodation 
of helium produced by alpha decay and oxygen generated by radiolysis.  
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1. Introduction 
  The solubility and diffusion of gases in glasses are topics of longstanding interest in the field of glass science. 
Shackelford (1999), Shackelford (2011) The current discussion relative to nuclear wasteforms will focus on glasses 
below the glass transition temperature. This paper will be further confined by focusing on noble gas solubility and 
diffusivity that nonetheless have broad practical implications for other gases and serve as useful probes for structural 
information. Furthermore, helium is of special concern in the long-term storage of nuclear waste in glass. 
  Norton (1957) described the overall nature of gas transport through glass membranes.  Shelby (1979) reviewed his 
wide-ranging measurements of gas transport in glasses and has produced the first comprehensive handbook on the 
subject that covers a wide range of gases in both rigid glasses and melts. Shelby (1996) Shackelford (1980, 1986) 
has generally focused on direct gas solubility measurements (as opposed to diffusion and permeation 
measurements), along with the structural implications of such experiments. Beyond nuclear waste storage, some 
practical applications of gas transport in glasses include the outgassing and leak testing of vacuum systems and the 
thermal oxidation of silicon. Shackelford (1991), Shackelford, Revesz, and Hughes (1985) There are also useful 
concepts to be obtained from the geological sciences due to the central role that gas solubility and diffusivity play in 
volcanic eruptions and related phenomena, including the formation of the Earth’s atmosphere. Carroll and Stolper 
(1991), Chamorro-Perez, et al. (1998) On a related note, long-term nuclear waste storage clearly has a fundamental 
relationship to the earth sciences. 
  For the physical solubility of gas in glass, the solubility, S, can be defined as the proportionality constant between 
the equilibrium concentration of dissolved gas, C, and the equilibrium gas pressure in the surrounding atmosphere, 
P: 
 
 C = SP.          (1) 
 
  Norton (1957) described the relation of solubility to the kinetics of gas transport (an assumption of equilibrium 
surface concentration in the overall permeation process).  Permeability, K, can be defined as the proportionality 
constant between the steady state flow rate per unit area, RA, and the pressure gradient across a glass membrane: 
 
 RA = K(∆P/t),         (2) 
 
where ∆P is the pressure drop across a membrane of thickness, t.  Permeability is the transport property relative to 
the pressure gradient, and the surface equilibrium between concentration and pressure (on the high and low pressure 
sides of the membrane) leads to a concentration gradient as well.  Diffusivity, D, is the transport property relative to 
this concentration gradient, as defined by Fick’s first law: 
 
 Jx = -D(∂c/∂x),         (3) 
 
where Jx is the atom or molecule flux in the x direction.  For steady state permeation, the concentration gradient, 
(∂c/∂x), is constant across the membrane wall (= ∆c/∆x).   
  A simple and elegant relationship exists between the three gas transport parameters symbolic of the overall 
permeation process, viz. 
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 K = DS.          (4) 
 
  The temperature dependence of the kinetic parameters, permeability and diffusivity, can be expressed by the 
typical Arrhenius form: 
 
 K = KO exp (-∆HK/RT)        (5) 
 
and D = DO exp (-∆HD/RT),        (6) 
 
where KO and DO are pre-exponential constants, and ∆HK and ∆HD are the enthalpy changes for each mechanism, R 
is the universal gas constant, and T is absolute temperature. 
  Similarly, the equilibrium parameter, solubility, can be expressed by the comparable Van’t Hoff-form equation: 
 
 S = SO exp (-∆HS/RT).        (7) 
 
  Various semi-empirical modifications of equations (5) - (7) have been used to account for slight non-linearity of 
experimental data in a semi-log plot (e.g., ln S versus 1/T).  In general, equations (5) - (7) are adequate for practical 
systems over a modest temperature range.  As a practical matter, a more detailed form of equation (7) based on the 
statistical mechanics of the equilibrium solution of a non-reactive gas atom or molecule accounts for non-linearity.  
More important, the statistical mechanical expression provides additional parameters that contain useful structural 
information about the glass solvent.  Shackelford, et al. (1972) have shown that: 
 
 S = (h2/(2πmkT))3/2(kT)-1NS([exp(-hQ/2kT)] 
  /[1 - exp(-hQ/kT)])3exp(-E(0)/RT),      (8) 
 
where h is Planck’s constant, m the mass of one gas atom (or molecule), k the Boltzmann’s constant, NS the density 
of interstitial solubility sites (accessible to the given solute gas), Q the vibrational frequency of the dissolved gas 
atom (or molecule), E(0) the binding energy of the dissolved atom to the interstitial solubility site, and the remaining 
terms are defined relative to equations (5) - (7).  Equation (8) can be simplified by a “high temperature” 
approximation.  For experimental temperatures at which silicate glasses are relatively permeable to noble gases, 
kT>>hQand equation (8) simplifies to 
 
 S = (2πm)-3/2 (kT)1/2 NS Q-3 exp(-E(0)/RT)      (9) 
 
  By eliminating the exponential terms containing vibrational frequency, Q, the process of curve fitting to 
experimental solubility data is greatly simplified.  As will be shown below, the parameter NS is especially useful in 
helping to understand the nature of the atomic-scale structure associated with the mechanism of gas dissolution. 
 
Nomenclature 
S solubility  
D  diffusivity 
K permeability 
NS  density of interstitial solubility sites 
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2. Gas solubility in vitreous silica 
  Shackelford, et al. (1972) applied equation (8) to data for helium and neon in vitreous silica, the most widely 
studied glass material that not only has numerous practical applications but also serves as a useful model system for 
the whole family of silicate glasses.  Shackelford and Masaryk (1977) defined the structural information available 
from this approach and illustrated the possibilities by defining the nature of the interstitial structure in vitreous silica. 
Shackelford and Masaryk (1978) suggested that the size of individual interstitial sites (defined by inscribed spheres) 
varied in size from 0.1 to 0.4 nm in diameter in a lognormal distribution.  
  Shackelford and co-workers focused on the measurement of solubility by a “saturation” method, involving the total 
pressure drop occurring after gas diffuses into a glass specimen in a closed chamber of known volume. Shackelford, 
et al. (1972) initially made these measurements on uniform glass rods of approximately 1 mm diameter. Wortman 
and Shackelford (1990) and Nakayama and Shackelford (1990) refined this technique using micrometer-scale glass 
fiber samples that allowed neon measurements to be made over a much wider temperature range and for the slowly-
diffusing argon to be measured in reasonable time and temperature ranges. In these saturation experiments, 
diffusivity can be determined from the rate at which saturation is approached. In a complementary way, Shelby and 
others have measured permeability and diffusivity directly and then calculated solubility using equation (4). 
Nakayama and Shackelford (1990) focused on the solubility of argon in vitreous silica and, in the process, 
reinforced the lognormal model of interstitial site size distribution as illustrated in Fig. 1. They showed that the 
number of sites available to each of the noble gas species were consistent with the tail of a lognormal distribution 
curve. The nature of the solubility site distribution will be discussed further below.  
 
 
Fig. 1 The lognormal probability distribution function describes the range of interstitial solubility site 
sizes in vitreous silica. Shackelford and Masaryk (1978), Nakayama and Shackelford (1990). 
 
  Table I summarizes the key parameters associated with fitting equations (7), (8), and (9) to the solubility data for 
three noble gases (He, Ne, and Ar) in vitreous silica. Shackelford (1999) These results were generally obtained from 
experiments near atmospheric pressure but were significantly aided by high-pressure measurements done by Shelby 
(1976) in which the independent variable of pressure allowed a specific determination of Ns for He and Ne. Fig. 2 
summarizes the overall temperature dependence of solubility, diffusivity, and permeability for He, Ne, and Ar in 
vitreous silica from various literature sources, including an analysis by Shackelford and Brown (1980) and the 
pioneering work of Swets, Lee, and Frank (1961). One can note that the plots of diffusivity (Fig. 2(b)) and 
permeability (Fig. 2(c)) show a distinctive and consistent spread between He, Ne, and Ar data, while the plots of 
solubility (Fig. 2(a)) show considerable overlap.  Nonetheless, there is a fundamental similarity in the plots in that 
the slope of each plot is progressively greater as one goes from He to Ne to Ar.  This commonality indicates that the 
magnitude of the absolute value of 'H of solution, diffusion, and permeation consistently increases with the 
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increasing size of the gas atom. It should be noted that the data points on Figure 2 (and later on Figure 3) only 
represent for simplicity the end points of nearly linear data sets, not all experimental measurements. 
 Table I. Structural information obtained from gas solubility in vitreous silica 
Atomic Gas Dia. (nm) ∆HS (kJ/g•atom) E(0) (kJ/g•atom) Q (1012 s-1) NS (m-3) 
He 0.256a --- -5.86b 3.2b 2.3 x 1027 c 
Ne 0.275a --- -11.7b 1.7b 1.3 x 1027 c 
Ar 0.341d -31.5d -34.7d 1.5d 1.1 x 1026 d 
aShackelford and Masaryk (1978), bShackelford and Brown (1980), cShelby (1976), dNakayama and Shackelford (1990). 
 
 
 
(c) 
 
 
 
 
 
Fig. 2. Overall summary of the temperature dependence of (a) solubility (log10 S in units of atoms/m3•atm), (b) diffusivity (log10 D in units of 
m2/s), and (c) permeability (log10 K in units of atoms/s•m•atm ) for He, Ne, and Ar in vitreous silica.  Data are from Shackelford, Studt, and 
Fulrath (1972), Wortman and Shackelford (1990), Nakayama and Shackelford (1990), and Swets, Lee, and Frank (1961). 
  Vitreous silica is the one glass for which the size distribution of solubility site cages has been thoroughly 
determined.  Shackelford and Masaryk (1978) compared the total number of interstitial sites (estimated to be 2.2 x 
1028 m-3 based on the analogy to cristobalite) with the density of sites for helium and neon from gas transport studies 
(2.3 x 1027 m-3 and 1.3 x 1027 m-3, respectively, as given in Table I), and concluded that the gas measurements 
represent the tail of a log-normal probability distribution function (pdf) curve with a mean site size of 0.196 nm. 
Nakayama and Shackelford (1990) experimentally determined a value of NS = 1.1 x 1026 m-3 for argon in vitreous 
silica which is highly consistent with the pdf of Fig. 1.   
  Gas solubility measurements are limited in that the smallest gas probe atom, He, has a larger diameter than the 
mean of the proposed pdf.  Computer modeling is necessary in order to test the validity of the lognormal hypothesis 
for site sizes smaller than the helium atom.  Chan and Elliott (1991) illustrated the usefulness of a computer 
simulation by calculating the interstitial statistics of vitreous silica and showed that they follow the gas solubility 
results of Shackelford (1982), Shackelford and Masaryk (1978), and Nakayama and Shackelford (1990) with a 
distribution that closely follows lognormal statistics over a similar size range. These results clearly indicated the 
benefits of computer simulation as an excellent tool for verifying gas probe results as well as providing a level of 
structural detail not possible from the limited number of gas atom/molecule “probes” small enough to easily 
permeate the glass structure. 
3. Gas solubility in alkali silicate glasses 
Shackelford and Brown (1980) showed that the use of gas solubility data, as just outlined, provides a useful tool for 
monitoring the nature of solubility in silicate glasses of various chemical compositions. An indication of 
compositional trends is available from the literature on model glasses monitoring systematic additions of a single 
component. By far, the most comprehensive and systematic set of experiments of this type has been provided by 
a b c 
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Shelby, generally using relatively permeable helium gas.  An example is the measurement of helium in Na2O-SiO2 
glasses by Shelby (1973) from 0 mol % Na2O (vitreous silica) to 36 mol % Na2O. The temperature dependence of 
helium solubility on the level of Na2O concentration is summarized in Fig. 3. Fig. 4 shows how Q and E(0) for 
helium vary over this composition range using the analysis of Shackelford and Masaryk (1977). NS can be estimated 
from the vitreous silica value as reduced by increasing levels of modifier ion.  We see a sharp drop in vibrational 
frequency and rise in binding energy as indicators of the edge of the miscibility gap.  Up to 20 mol % Na2O, 
solubility is predominately in the more open silica-rich phase. Beyond 20 mol % Na2O, solubility occurs in the 
Na2O-rich phase in which sodium ions indirectly produce greater structural constraints. A careful analysis of the 
data (the sharp rise in binding energy and the drop in average vibrational frequency) indicates that the He solubility 
site is located between adjacent silica layers. This conclusion is consistent with the structural analogy of crystalline 
sodium silicates in this composition range. 
 
Fig. 3. Helium solubility (log10 S in units of atoms/m3•atm) as a function of Na2O concentration in sodium silicate glasses. Shelby (1973) 
 
 
Fig. 4 The parameters (a) E(0) and (b) Q from equations (8) and (9) show distinctive breaks at 20 mol% Na2O, corresponding to the edge of the 
miscibility gap in the Na2O - SiO2 system. Shackelford (1980), Shackelford and Masaryk (1977). 
a b 
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4. Implications for nuclear wasteforms 
While the overview of the nature of gas in glass provided in previous sections was based on simple model 
systems, the underlying principles can be useful in understanding technological issues of importance in nuclear 
waste storage in considerably more complex glass systems (with up to 40 components). Specifically, the storage of 
radionuclides in glass leads to alpha decay that produces helium. Yun, Eriksson, and Oppeneer (2011) In turn, 
helium supersaturation produces the possibility of helium clustering that could then lead to gas bubble formation. 
Such bubbles could then manifest in a level of porosity in the material that degrades structural integrity. The 
magnitude of this technological challenge is substantial given the widespread use of glass as the medium for nuclear 
waste storage, e.g., the French Nuclear Waste Management system. Bes, Sauvage, Peuget, et al. (2013) 
The discussion of the Na2O-SiO2 glass system associated with Figures 3 and 4 is especially relevant in that it 
illustrates that modifier ions such as Na “compete” with helium atoms for access to the interstitial sites in the silicate 
network structure. With the large number of such ions in the chemically complex wasteform glasses, modeling 
exercises should account for such competition. The diminished number of solubility sites resulting from the 
chemical additions clearly reduces the potential for helium absorption, thereby increasing the possibility of gas 
clustering and subsequent bubble and pore formation. 
The ultimate question in determining the overall effect of helium on long-term nuclear waste storage in glass can 
be simply stated as: will helium transport out of the bulk glass be sufficiently rapid to avoid supersaturation, bubble 
formation, etc. and the eventual loss of structural integrity? It appears that the careful consideration of the principles 
outlined in this paper can aid in effective modeling in support of answering this question. A specific example has 
been given recently by Peuget, et al. (2014). 
It is also appropriate to consider another gas-in-glass system, viz. radiolytic O2 known to be a byproduct of 
nuclear waste storage in borosilicate glasses. Trifunac, Shkrob, and Werst (2000) Small oxygen gas bubbles (10 to 
100 nm in size) have been observed in such systems. In modeling this case, it should be noted that molecular O2 is 
approximately the same size as an Ar atom. At the same time, one also needs to consider the possibility that the Ar 
size is not an absolute analogy. The O2 molecule could dissociate, and oxygen transport could proceed along the 
oxygen sub-network in the glass. In any case, issues with radiolytic O2 appear to be much less a concern than helium 
bubble formation. Specifically, radiolytic O2 formation in a relatively simple glass may not apply to the more 
complex nuclear ones. 
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